The oral microbiome plays a crucial role in the establishment and maintenance of oral health. Major disturbances in the interactions between this microbiome, the microenvironment, and the host may lead to the development of oral diseases. A large proportion of infectious diseases that affect humans are caused by organisms living in biofilms. This is also the case for oral infections such as dental caries, periodontal diseases, and endodontic and fungal infections. In this review, new concepts regarding the role of the oral biofilm in the etiopathogenesis of these diseases are presented, and a more ecological view of pathogenic communities as causative agents of oral diseases is discussed. We believe that a better understanding of oral biofilm physiology and ecology will provide insight for the development of new cost-effective diagnostic tools, as well as preventive and therapeutic strategies for the management of these infections.
Introduction
Microorganisms are everywhere whether you like it or not. It is estimated that there are approximately 5×10 30 bacteria on the planet [1] , a number that exceeds all living animals and plants. The first living organisms to emerge from a common ancestor about 3 billion years ago were bacteria, whereas mammals only evolved in the past 65 million years. Much later, bacteria co-evolved and became adapted to the human host by developing fitness factors [2] . In fact, the human body is inhabited by at least ten times more bacteria than the number of human cells. So, how human are we? One may even say that microorganisms are a part of us, an extension of our biological identity.
According to what we have learned from the 'Golden Age' of Microbiology, when we think of microbes, in particular bacteria, we think of illness or infection. However, our thinking of microorganisms as agents causing diseases is changing drastically as we start to understand the crucial role of bacteria in maintaining the homeostasis of the human organism as well as the entire biosphere. Since the beginning of the Human Microbiome Project, an extraordinary amount of data regarding the composition and function of the microbiome living in or on our body have been produced [3••] . These data have indicated that knowledge of our relationships with our indigenous microbiota is primordial for us to understand human health and disease. This review presents recent findings on the normal oral microbiome (and mycobiome), as well as the microbiome/mycobiome associated with caries, periodontal diseases, and fungal and endodontic infections. The structure, function, and virulence of the oral biofilm related to oral health and diseases are also reviewed. Finally, novel and conventional strategies of personalized therapies for treating oral biofilm-related diseases are discussed. 
Human Oral Microbiome in Health and Disease
The human microbiome has been shown to contribute to human genetic composition and physiology, providing features previously unknown in this organism [3••, 4] . The microorganisms of this microbiome are part of the biology of the human body, performing important functions such as protection against colonization by exogenous pathogens, processing of nutrients, regulation of lipid metabolism, induction of angiogenesis, and the development of intestinal mucosa and the immune system [5] [6] [7] [8] . However, for reasons not entirely known, some of these members of the resident microbiota may develop a pathogenic profile and cause diseases.
Recent data from metagenomic studies have revealed that the various habitats of the human body have unique ecosystems with distinct microbiomes and metagenomes [9, 10] . Interestingly, there is a marked variability in the composition of the microbiome in different anatomical regions of the same individual as well as inter-individual variability in the microbiome of the same anatomical region [11] . On the other hand, a temporal stability of the microbiome from different habitats of an individual has been reported [12] . Since each individual has a unique microbiome playing a specific role in the etiology of diseases of the human organism, these diseases may manifest and progress differently among people, reinforcing the need for a more personalized medicine for the maintenance of human health.
The impact of the microbiome in human health has been emphasized by remarkable data highlighting the association between the intestinal microbiota and various human diseases such as obesity, cancer, gastrointestinal inflammatory diseases, cardiovascular diseases, autism, and psoriasis, among others [5, [13] [14] [15] . Based on this concept, strategies for restoring the beneficial and competitive resident microbiota, including the use of probiotics and prebiotics, have been proposed as alternative therapies for several diseases [16] .
Oral infectious diseases are among the most common infections in humans [17] . The oral cavity is a highly dynamic environment that communicates the human body to the external environment. The different habitats in the oral cavity allowed the existence of distinct ecological niches that promote colonization of a wide variety of microorganisms [18••] . These microbial communities are composed typically of commensal species that are essential in maintaining the host's oral health. However, as in other microbial infections of the human body, dysbiosis of this oral microbiome caused by a large variety of local, environmental, behavioral, host, and genetic factors, and by mechanisms not totally understood, may lead to the development of oral diseases such as caries, periodontal diseases, endodontic infections, tonsillitis, and alveolitis [19] [20] [21] .
With the development of faster and more accurate techniques of molecular taxonomy [22] , and the creation of databases of oral microorganisms [23] , more complete and detailed analysis of complex oral microbial communities and their relationship with the human body can be obtained in a short period of time. Classical studies using cultural methods and microscopy identified approximately 300 bacterial species in the oral cavity [24] . More recent data obtained by nextgeneration molecular techniques have demonstrated that over 700 microbial species can be detected in the oral cavity, and about half of these species are not yet cultivated microorganisms [25] [26] [27] . Overall, genera such as Streptococcus, Actinomyces, Veillonella, Neisseria, Prevotella, Gemella, Haemophilus, Lactobacillus, Capnocytophaga, Staphylococcus, Fusobacterium and Propionibacterium are predominant in most of the habitats [18••, 25, 26] . The dental biofilms specifically comprise high proportions of streptococci, actinomycetes, Prevotella, Porphyromonas, Tannerella, and Fusobacterium, although these proportions may vary according to the presence and severity of dental diseases [28] . A large body of evidence generated by studies of the human microbiome provides support to a more ecological holistic concept of pathogenic or beneficial microbial consortia instead of the single pathogen or health-associated species etiology. With that in mind, a deeper knowledge of the composition and function of the oral microbiome, and its relationship with the host and microenvironment, is fundamental for us to comprehend the role of these microorganisms in health and disease, and to design more effective therapeutic strategies.
Oral Biofilm: The Dental Plaque
The term 'biofilm' was described in 1978 [29] and is currently defined as a sessile microbial population composed of cells irreversibly adhered to a substratum, to an interface or between them, enclosed in a matrix of extracellular polymeric substances (EPS) produced by themselves, and which present a modified phenotype, regarding growth rate and gene transcription [30] . EPS affects the features of the microbial communities, such as mass transfer, surface characteristics, adsorption capability and stability, and is used as a source of nutrients [30] . Biofilms are considered a different growth phase, alternative to planktonic cells, and can be developed by bacteria on a number of different surfaces [31] . The biofilm is an effective survival organization that protects the resident microorganisms from exogenous, potentially harmful factors, and permits cooperative interactions between cells of the same or different species. Moreover, biofilms allow bacteria to develop resistance to bacteriophage, host immune responses, antibiotics, and mechanical removal [31] .
Dental plaque is a classical example of a complex microbial community growing on teeth and/or implant surfaces in a biofilm structure. It contributes to host oral homeostasis but it also has the potential to cause disease [28, 32] . Its composition is very diverse, as well as its structure and thickness on different oral surfaces presenting distinct physical and biological properties [32] . Dental plaque has been intensively studied as model systems for bacterial adhesion, aggregation, coaggregation, biofilm development, and resistance to antimicrobials [33] . Dental plaque is broadly classified as supragingival plaque, found at or above the gingival margin, and subgingival plaque present below the gingival margin, between the tooth and the gingival sulcular tissue. Supragingival plaque typically demonstrates a stratified organization of bacterial morphotypes. Gram-positive cocci and short rods predominate at the tooth surface, whereas Gramnegative rods and filaments, as well as spirochetes, predominate in the outer surface of the mature plaque mass [34] . The gingival crevice or periodontal pocket area is bathed by the flow of the crevicular fluid, which contains many substances, particularly proteins used as nutrients by bacteria [35] . In addition, inflammatory cells and mediators have considerable influence on the establishment and composition of the subgingival biofilm [35] . The tooth-associated plaque is characterized by Gram-positive cocci and rods, whereas the apical border of the plaque mass is separated from the junctional epithelium by a layer of host leukocytes, and an increased proportion of Gram-negative rods. The transition from Grampositive to Gram-negative microorganisms during the structural development of dental plaque is paralleled by physiologic changes in the microenvironment [33] . Early colonizers such as streptococci and Actinomyces spp. use oxygen and lower the reduction-oxidation potential of the environment, favoring the growth of anaerobic species [28] .
Dental plaque constitution is defined by regulatory factors such as co-aggregation, quorum sensing, inhibitory factors, genetic exchange, and metabolic communication [36] . One of the most important mechanisms in dental biofilm formation is co-aggregation, which can be defined as specific cell-to-cell interactions that occur between distinct bacterial cells [32] . Co-aggregation among oral bacteria contributes to bacterial colonization, metabolic communication, and genetic exchange among bacteria, given that each microorganism can easily access a neighboring bacterial cell and its metabolites [36, 37] . Some of the functions of biofilms depend on the ability of the bacteria to communicate with one another. Quorum sensing in a microbial biofilm requires the regulation of specific genes by signaling molecules that mediate intercellular communication [38] . Quorum sensing is dependent on cell density and influences various functions such as virulence, acid tolerance, and biofilm formation. Autoinducer-2 (AI-2) is one of the most well-known signaling molecules associated with quorum sensing. In S. gordonii for instance, AI-2 is responsible for biofilm formation and carbohydrate metabolism [39] . Genetic exchange among bacterial cells is also facilitated by the closely packed environment in biofilm communities, and is very important for bacterial evolution.
Conjugative mobile elements such as the transposon Tn916 and its derivative are very common in oral bacteria [40] . Moreover, bacteria inhabiting the oral biofilm may function as reservoirs of transferable conjugative plasmids carrying antibiotic resistance [41] .
Depending on the predominance of specific ecological determinants, and behavioral and host-related factors, the dental biofilm may acquire a healthy, cariogenic and/or periodonto-pathogenic profile. Thus, the composition and function of the dental biofilm are major features that will determine oral health stability or the onset and progression of these infections.
Cariogenic Biofilm
Dental caries is the most prevalent biofilm-associated oral infection worldwide [17, 42] . This disease affects primarily children but also a large number of adults, deciduous and permanent teeth, and coronal as well as root surfaces [42] . Dental caries is still a major public health problem in developing and underdeveloped countries, having a significant negative impact on the quality of life of millions of people [43] . Strategies for caries control have markedly reduced the prevalence and incidence of dental caries in developed countries. Nevertheless, a significant increase in the global prevalence of dental caries has been reported [44] .
Classical studies have elegantly demonstrated that caries is not only a bacterial infection but also a transmissible disease [45] [46] [47] [48] . Although caries has a primary bacterial etiology, it is a multifactorial disease, and important modulating factors, including diet, host (teeth, saliva, mucosal immunity), social-economic conditions, and time, play a role in the initiation and progression of the disease [49] .
The pathogenicity of the cariogenic biofilm is related to the presence of bacteria capable of producing high quantities of organic acids by fermenting several carbohydrates, even in the presence of a very low pH microenvironment (acid tolerance). These cariogenic microorganisms also have the ability to produce complex exopolysaccharide polymers that provide better and stronger adhesion on the tooth surface, as well as glycogen-like intracellular polysaccharides used as a reserve of carbohydrates [50] .
The acquisition of microorganisms that colonize the oral cavity takes place at birth, and the main sources of vertical and horizontal transmission of these species by saliva are the mother and people from the child´s environment, respectively. Thus, transmission occurs all the time, but only after the emergence of teeth in the mouth are potentially cariogenic species able to colonize [46] [47] [48] . In fact, early colonization by cariogenic bacteria is associated with high caries activity in childhood [51] . These cariogenic species are currently believed to be members of the normal oral microbiota [52] , and are widely distributed in the population, including cariesfree and caries-active individuals [53] .
There has been a long debate regarding the possible hypothesis for the etiology of dental caries. The 'non-specific plaque hypothesis' states that dental caries is an outcome of the overall activity of the total dental biofilm microbiota [54] . In contrast, the 'specific plaque hypothesis' proposes that only a few specific microorganisms present within the complex oral microbiota are involved in the disease [55] . Based on this hypothesis, considerable evidence has identifed the streptococci mutans (Streptococcus mutans and Streptococcus sobrinus) as the main causative agents of dental caries in humans [56] . Lactobacilli are also acidogenic and aciduric microorganisms that have been associated with advanced caries lesions, being involved in the progression of the disease [57] , whereas Actinomyces species have been linked to root surface caries [58] .
With the introduction of culture-independent techniques, researchers have demonstrated that the etiopathogenesis of dental caries involves a much more diverse and complex microbiota, and several microorganisms, including novel taxa, have been indicated as potential contributors to caries [59] [60] [61] . Of interest, different bacterial profiles were observed depending on the stage of caries development, and a reduced bacterial diversity was observed in the microbiota of advanced dentin lesions [62] . These data support the 'ecological plaque hypothesis' [63] which states that caries is a result of a shift in the homeostatic balance of the resident microbiota due to local environmental changes which will favor the outgrowth of more cariogenic species initially present in low numbers.
Traditional approaches for caries prevention include oral health education, diet counseling, chemical and mechanical control of biofilm, use of selants, fluorides and antimicrobial agents. Although most of these methods are effective, economic, behavioral, and cultural factors may interfere with the efficacy of these therapies in different individuals or populations [64] . Therefore, alternative ecological preventive and therapeutic strategies focusing on the restoration of a healthassociated ecosystem and not solely on the killing of specific pathogens have been proposed for combating dental caries. These interventions should be able to change environmental factors and disrupt bacterial community fitness that favors the predominance of more cariogenic microorganisms [65] .
In replacement therapy (or probiotic therapy), the mutant strain of S. mutans BCS3-L1 lacks the lactate dehydrogenase gene, being unable to produce lactic acid from carbohydrate fermentation. Because this strain produces high amounts of mutacin 1140, a lantibiotic with antimicrobial activity against other strains of S. mutans, it is able to dislocate the wild-type strain and colonize its habitat. Some advantages of this ecological method are the lifelong protection, lack of risks, and no need for patient compliance [66] . Other investigations have explored the potential role for probiotic lactobacilli and bifidobacteria to modulate the oral microbial ecology [67] . Data have indicated that regular intake of milk supplemented with probiotic lactobacilli and fluoride dramatically reduces dental caries in children and adults [68] . Results from laboratory and animal model studies are promising; however, largescale, randomized clinical trials are still needed to support the utilization of probiotics as a safe and long-lasting treatment for dental caries.
Increasing dental biofilm pH is another ecological strategy to diminish the cariogenic profile of the microbial community. Alkali production (ammonia) in plaque results from the bacterial metabolism of urea and arginine provided in saliva [69] . High levels of urea and arginine or arginine-rich peptides in dental biofilm may be obtained by the introduction of genetically engineered, alkali-producing streptococci, or by prebiotics.
More specific therapies targeting S. mutans within the biofilm have also been developed, including specifically targeted antimicrobial peptides (STAMPs) and vaccines. A specific synthetic antimicrobial peptide, for instance the C16G2, has shown rapid bactericidal activity against S. mutans in vitro, not affecting other oral streptococci [70] . Moreover, biofilms treated with this peptide seem to resist recolonization by S. mutans [71] .
Over decades, extensive research in animal models and small human trials have demonstrated the efficacy of immunization in inducing mucosal protective immunity against mutans streptococci, and reducing colonization and subsequent development of caries [72, 73] . More specifically, surface adhesins (AgI/II), glucosyltransferases, synthetic peptides, and the glucan-binding proteins of mutans streptococci administered by oral or intranasal immunization have demonstrated the induction of salivary S-IgA and circulating IgG antibodies. The anti-caries DNA vaccine encoding antigens of both S. mutans and S. sobrinus (pGJGAC/VAX) was also effective in reducing the levels of these species and dental caries in animal models [74] . Passive immunization with antibodies to mutans streptococci antigens has produced promising results, but because there is no induction of immunological memory, these antibodies need to be continuously provided to maintain protection over a prolonged time [72, 73] . General issues regarding caries vaccine development, including the risk/benefits, costs, target populations, and acceptance by the public and professionals, are still of concern.
Approaches that result in significant reduction or elimination of resident microorganisms (mutans streptococci) raise questions such as how long it would take for S. mutans to recolonize the oral microbiota, or what was the long-term effect of changing the normal microbiota. Significant advances in the understanding of the ecology of the cariogenic biofilm have been made, and alternative strategies for caries prevention and treatment are in progress. Until these therapies are proven to be safe and effective for use in humans, conventional methods such as mechanical removal of biofilm, restriction in sugar intake and continuous use of fluoride are sufficient prevention strategies against dental caries.
Periodontopathogenic Biofilm
Periodontal diseases are chronic oral diseases that are highly prevalent worldwide with a broad spectrum of clinical manifestations ranging from mild gingivitis to severe forms of periodontitis [75, 76] . Chronic gingivitis is induced by dental biofilm and is characterized by marginal gingival inflammation without clinical or radiographic evidence of periodontal attachment loss. It is a reversible condition that can be easily treated and prevented. Periodontitis is a gingival inflammation with apical migration of the junctional epithelium over the root surface, which is followed by attachment loss and alveolar bone resorption. Periodontitis can be further classified mainly as chronic or aggressive periodontitis [75] .
Virtually all forms of periodontal diseases are infectious diseases that result from dynamic interactions of the periodontopathogenic biofilm, innate and adaptive host immune responses, and behavioral, environmental and genetic susceptibility factors [77] . Thus, the persistence of a pathogenic periodontal microbiota is necessary but not sufficient for the establishment of periodontal diseases [78, 79] . Different from the cariogenic biofilm, the pathogenicity of periodontopathogenic biofilm is related to the predominance of bacterial products and components that will cause direct and indirect periodontal tissue destruction. Bacterial virulence factors induce host immune cells to produce inflammatory mediators that interfere with the connective and bone tissues, leading to periodontal breakdown. Therefore, periodontal breakdown is mainly caused by the host immunological response induced by specific pathogenic microbial communities [77] [78] [79] .
Evidence of the key role of bacteria in the etiology of periodontal diseases was demonstrated by the classical study of experimental gingivitis [80] . A fundamental observation of this study was that everybody will, at some point, develop gingivitis if they do not clean their teeth. Another conclusion was that susceptibility to gingivitis may vary among subjects. Although experimental gingivitis studies reinforced the role of dental biofilm in the initiation of periodontal diseases, these findings brought out the non-specific plaque hypothesis which was based on the idea that any accumulation of dental plaque could lead to periodontal diseases [55] . It may be true for gingivitis but does not apply to periodontitis.
Over the years, bacterial etiology of periodontal diseases went through alternate phases of specificity and nonspecificity [81] . With the significant improvements in techniques associated with isolation, cultivation, and molecular identification of microorganisms, and in the understanding of the etiopathogenesis of periodontal diseases, a large number of species or bacterial communities associated with periodontal health and different types of periodontal diseases were described [25, 27, 28, 78] . This concept of pathogenic communities as the etiological entity of periodontal diseases was consolidated by the description of the five microbial complexes of the subgingival biofilm [78, 82••] . A strong association between the orange and red complexes with clinical signs of periodontal inflammation and tissue destruction was demonstrated, whereas the blue, purple, and yellow complexes were associated with periodontal health. Moreover, it was shown that the establishment of the complexes follows a pattern of successive and hierarchical colonization, indicating specific relationships among species within and among complexes [82••] . Despite the general consensus that periodontal diseases have a polymicrobial etiology, until now only three species have been considered as putative periodontal pathogens: Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis and Tannerella forsythia [83, 84] . In chronic periodontitis, high proportions of the red and orange complexes are observed, while A. actinomycetemcomitans is a major pathogen associated with aggressive forms of periodontitis [83] . However, recent studies have shown that in addition to A. actinomycetemcomitans, aggressive periodontitis may be modulated by a consortia of pathogenic species [85] [86] [87] [88] . Microorganisms associated with other infections in the human body, as well as novel potential pathogenic species, including not-yet-cultivated microorganisms, may also play a role in the initiation, progression, and/or severity of various forms of periodontal diseases [89] [90] [91] [92] [93] [94] [95] .
The current view of periodontal microbiology is that in conditions of health the periodontal biofilm presents a very diverse microbiota composed mainly of resident and protective species. Shifts in the ecology of this biofilm may result in microbial dysbiosis, with a decrease in hostcompatible species and an increase in more pathogenic microorganisms [79, 96, 97] . Dysbiosis can be induced by various factors and conditions, which may trigger the host response and alter the periodontal microenvironment, favoring the overgrowth of periodontopathogenic species [96] . The exact mechanisms involved in shifts from a health-related commensal microbiota to a pathogenic microbiome in periodontal diseases remain unknown. Hopefully, future prospective microbiological studies will be able to identify novel bacterial biomarkers of health and disease which will allow us to detect subjects at risk of developing destructive periodontal disease, and to design more suitable therapies with the purpose of restoring the host-compatible resident microbiota [98] .
Biofilm Associated with Endodontic Infections
The pulp is a sterile tissue and once microorganisms have access to it, an infectious process begins. In endodontic diseases, arrangements of bacteria colonizing the root canal system (RCS) as sessile biofilms can be seen adhered to root canal walls, inside isthmuses, ramifications, dentinal tubules, accessory and lateral canals, as well as on external root areas and even on filling materials [99, 100] . The morphological structure of this biofilm may vary from case to case, and the reasons for this may be related to time of infection, type and availability of nutrients, and composition and function of the established microbiota [99] . Initial studies using microbial cultivation methods identified a limited number of microorganisms associated with endodontic infections, but the introduction of culture-independent techniques revealed a much more complex and diverse microbiota [99] . Primary endodontic infections are polimicrobial infections composed mainly of obligate anaerobes, with a high prevalence of members of the phyla Firmicutes and Bacteroidetes. Differences in composition are also observed along the root canal, with a higher microbial diversity in the apical region [101] . Survival of microorganisms in the apical RCS and/or outside the apical foramen may lead to treatment failure and the establishment of persistent infections. Compared with primary infections, the microbiota associated with endodontic failure presents a narrower range of bacterial species, and is basically composed of Gram-positive facultative anaerobes, in particular Enterococcus faecalis [102] . E. faecalis became the most studied species in endodontics because of its innate resistance, ability to survive in an inhospitable environment, and ability to form biofilm. The efficacy of root canal medicaments, irrigants, obturation materials, and alternative endodontic therapies has been extensively evaluated using E. faecalis biofilm as a model [103, 104] . In persistent periapical infections, analysis of the area around the apical foramen has demonstrated the presence of extraradicular biofilm with amorphous extracellular material and multiple bacterial species [105] .
The success of endodontic treatment is dependent upon several factors, including efficient removal of bacterial biofilms and their byproducts from the RCS. The main challenge in root canal disinfection is the root canal anatomy. The complexity of the RCS, especially at the apical area, with the presence of accessory canals, lateral canals, transverse anastomosis, and apical ramification, makes the complete elimination of microorganisms from this system impossible, regardless of the instrument, technique, or root canal medicaments utilized [106] . However, significant reductions in bacterial levels (and not necessarily complete elimination of bacteria), proper shaping, and obturation techniques may provide a favorable environment for apical healing. Over the years, extensive research has generated new instruments, medicaments, and therapies focused on improving endodontic treatment. A new device that deserves attention combines instrumentation and irrigation simultaneously-the SelfAdjusting File System or SAF. This system is based on a single file, a hollow reciprocating nickel-titanium instrument that can adapt to the cross-section of the root canal. The void design of the instrument enables a constant flow of irrigant through the full length of the canal during the procedure, and is activated by vibration. This allows better and more efficient shaping, cleaning, and removal of bacterial biofilm, even inside grooves, when compared with hand and rotary nickeltitanium [107, 108] .
Endodontic irrigants are routinely used as adjuncts to mechanical treatment, acting as antimicrobials and chelating agents. Moreover, the fluid dynamic of irrigation generates a flushing action capable of mechanically disrupting the bacterial biofilm. Sodium hypochlorite is the most commonly used irrigant due to its wide spectrum of antimicrobial properties, and ability to dissolve organic material [109] . Different techniques have been developed to improve the antimicrobial efficacy and fluid dynamic performance of irrigants. The EndoVac® system is an apical negative pressure irrigation device that was developed to deliver irrigating solution to the apical end of the RCS, and remove debris at the apex without forcing the solution to the periapical tissues [110] . In a recent ex vivo study, this system demonstrated considerable antimicrobial efficacy against E. faecalis biofilm [104] . Ultrasonic and sonic agitation can also be used as a means of increasing the effectiveness of chemomechanical debridement and disrupt bacterial communities in comparison to conventional irrigation [111] .
Another effective strategy to improve conventional endodontic treatment is photodynamic therapy (PDT) [112] . PDT is based on the use of a non-toxic photosensitizer activated by a resonant light source of an appropriate wavelength in the presence of oxygen. The action of the light on the photosensitizer leads to the production of highly reactive and cytotoxic oxygen species to bacterial cells [112] . PDT presents several advantages, such as safety to human tissues, ability to eliminate pathogens within biofilms, and simple application, among others. Data from in vitro studies and few clinical trials have indicated that PDT is an effective approach for inactivation of intracanal biofilms and improvement of RCS disinfection [112] .
The use of nanoparticles as potential antibacterial agents has also been tested. Nanoparticles associated with chitosan (CS-np) and zinc oxide (ZnO-np) have demonstrated high efficacy in disorganizing the biofilm structure and retaining the antibacterial property for a long period of time [113] . In addition, combinations of medicaments and/or techniques, including new classes of photosensitizers associated with nanoparticles and PDT, have been proposed. This association seems to offer physicochemical advantages, such as selectivity of bacterial cells, increased affinity of the drug to bacterial cell membrane, stability of the photosensitizer inside the cell, deeper penetration into the biofilm structure, and controlled release of oxygen species [114] .
Despite all these new strategies that are under development for improving endodontic therapy, appropriate conventional chemomechanical debridement of the RCS is the key factor for treatment success. Furthermore, the additional benefits of these innovative instruments and techniques need to be proven by large-scale, randomized clinical trials, which are still very limited.
Fungal Biofilm Associated with Oral Infections
Although bacteria comprise the most predominant group of microorganisms of the oral microbiota, a large number of diverse fungi have been shown to colonize the oral cavity of healthy individuals [115] . Despite that, knowledge of the role of oral mycobiome on oral health is still limited. Fungi are eukaryotic free-living microorganisms capable of causing a wide spectrum of infections in humans, including superficial, subcutaneous, or systemic mycoses. Fungal infections are usually acquired by inhalation or traumatic implantation from an exogenous source, or as a result of a dysbiosis of the resident microbiota associated with the persistent use of immunosuppressive drugs and broad-spectrum antibiotics, as well as with immune deficiencies, malignancies, smoking, nutritional disorders, and/or diabetes [116] . Oral candidiasis is the most common fungal infection that affects the oral mucosa. Candida species, particularly Candida albicans, are usually commensal microorganisms detected in up to 75 % of the oral cavity of healthy individuals. However, in certain conditions these dimorphic fungi may become virulent and cause disease, including pseudomembranous, erythematous or hyperplasic candidiasis, angular cheilitis, denture stomatitis, and median rhomboid glossitis, among others [116] . In addition to Candida, several other fungi have been identified in the oral microbiota, including non-culturable fungi [115] . Noncandidal oral infections include aspergillosis, cryptococcosis, histoplasmosis, blastomycosis, paracoccidioidomycosis, and zygomycosis (mucormycosis). Oral lesions caused by these deep fungal infections are characterized by chronic deep ulcers which may disseminate to paranasal sinuses, orbit, cranial base, and respiratory tract, usually in debilitated patients [117] .
Virulence of fungi is associated with the presence of cellwall components (mannose, mannoprotein, and saccharins) that promote adhesion to epithelial cells, persistence within cells, germ tube formation, production of proteinases and fungal toxins, biofilm formation, and dimorphism and cocolonization with certain bacterial species [118, 119] . Of interest, fungal biofilms are critical for the development of clinical infection. Fungal biofilm formation involves adhesion to biotic (oral mucosa) and/or abiotic (prosthesis) surfaces, proliferation of yeast cells, hyphal formation and production of extracellular matrix [118] . In fungal infections, the complex structure of biofilms results in increased resistance to antifungal drugs, leading to therapeutic failure. Drug binding by extracellular matrix, production of highly drug-tolerant persister cells, upregulation of transcriptional factors related to hyphal formation, adherence, and multidrug resistance, as well as cell-wall synthesis and efflux pumps, are some of the fungal biofilm features involved in increased resistance to antifungal drugs [118] . Resistance in fungi poses a serious threat to human health worldwide since there are a much more limited number of antifungal agents (azoles, polyenes, echinocandins) available for mycoses treatment in comparison to antibiotics.
More recently, fungal-bacterial interactions and their role in oral health and disease have been emphasized [120] . Evidence indicate that overgrowth of Candida species is related to a disruption of the bacterial microbiome caused, for instance, by antibiotic intake [121] . Other studies have shown synergistic associations between the oral acidogenic microbiota and Candida spp. [122] . In vitro and animal models have demonstrated that co-infection of Mitis group streptococci and C. albicans is associated with oral candidiasis, whereas Candida-S. mutans may play a significant role in the pathogenesis of dental caries [120, 123] . In fact, the presence of C. albicans increases biofilm formation by S. mutans [123] . Moreover, severe mucosal infection and inflammation is observed when S. oralis colonizes the oral mucosa together with C. albicans [120] . These data indicate that knowledge of fungal-bacterial interactions is also crucial for understanding the pathogenesis of oral infections, and designing suitable diagnostic and therapeutic strategies for the management of these biofilm-related diseases.
Conclusion and Future Perspectives
There is no doubt that we now have a much deeper understanding of the composition and function of the biofilm associated with most oral infections than we had a few decades ago; however, there still much to be learned. Oral biofilms are sophisticated structures developed by microorganisms for survival, and virulence is usually increased within these organized communities. However, biofilms may have different levels of pathogenicity. Currently, the concept that oral diseases are caused by complex multispecies biofilms, and not by single pathogens, is accepted. It is also common sense that oral diseases manifest as a result of an unbalance in the dynamic relationships among the biofilm, host, and microenvironment. Therefore, efforts have been made to improve our knowledge regarding the composition and physiology of hostcompatible health-associated biofilms in order for us to comprehend the changes that lead to disease. Conceivably, much of what we do now in terms of therapy will be maintained, although with less empiricism and more specificity. In contrast, significant changes in how we deal with these infections may happen in the very near future. In fact, ecological therapeutic strategies such as prebiotics and probiotics have been developed to interfere with biofilm formation, to disrupt environmental conditions favorable to oral biofilm pathogenicity, and to improve host immunity for the re-establishment of oral homeostasis. Until evidence regarding these alternative strategies is scientifically proven to be effective, treatment of biofilm-associated oral diseases will rely on unspecific mechanical methods for preventing biofilm formation and disorganizing the established oral biofilm.
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